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Assmffs 


StxeBs-corroslon  cra<&ing  of  atustenltle  stainleBs  steels  eas  sttidled 
uoder  'Varioos  comditlons  of  stress^  chloride  caaceotratloa,  eonplete 
taaerstaa  of  'spectaenB,  inteiaitteat  vettliig  aad  drying,  amd  jfreBenes  of 
oxygen.  StresB-eorroeian  cracking  vill  occur  at  stresses  as  lav  as  2,000 
psl  at  ^  nP  BbCI.  a  ttarce-diaensiooal  analysis  of  stress-eorroBion 
cracks  vas  aide  aad  a  aechaalsn  of  cracking  progposed. 
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I.  urraoDBcnair 


The  subject  of  stress-corrosion  cracking  in  austenite  stainless 
steels  has  aroused  much  Interest  because  of  the  extensive  application  of 
the  alloy,  the  low  concentrations  of  the  chloride  ion  at  which  stress- 
aorroutoa  ci«cklng  oecvirs,  and  the  low  stresses  at  which  cracking  propa¬ 
gates  in  the  presence  of  the  chloride  ion. 

The  effect  of  various  chloride  salts  on  the  stress-corrosion  crack¬ 
ing  of  austenitic  stainless  steels  has  been  studied  extensively  be  Edel- 
eanu  (l).  He  shows  in  general  that  it  is  the  chloride  ion  itself  that  is 
the  culprit,  the  effect  of  the  cation  beiiig  relegated  to  affecting  only 
the  eoedltlons  of  relative  tlae  and  tesperature  for  cracking.  It  is 
generally  agreed  that  the  presence  of  osygen  is  necessary  for  chloride 
stress-corrosion  cracking  in  austenitic  stainless  steels.  Eckel  and 
VilUaau  (2)  have  proposed  a  chloride-oxygen  relatlooship  in  the  specific 
eonditlaas  of  Intexadttent  wetting  and  drying  and  alkaline-phosphate 
treated  chloride  waters.  As  the  oi^gen  increciseB,  less  chloride  is  re¬ 
quired  for  cracking.  Conversely,  as  the  chloride  increases,  less  oxygen 
is  required.  For  exBiq>le,  at  220  ppa  of  oxygen  no  cracking  occurs  with 
0.1  ppa  chloride  hut  does  oeetir  at  1.0  ppm.  On  the  other  hand,  at  about 
dOO  ips  of  chloride,  cracking  oeevirs  unequivocally  at  10  pp«  o^gen, 
whereas  none  occurs  helow  0.1  ppn. 

The  actual,  role  of  the  chloride  ion  in  stress  corrosion  cracking 
does  not  seen  to  be  well  understood.  Bunerous  studies  have  shown  its 
relationship  to  pitting  (2,  3>  5)*  It  appears  that  the  chloride  ion 

is  adsorbed  on  ferrous  siirfaees  (6)  in  preference  to  oxygen,  and  through 
the  neehanias  of  continuous  film  breakdown  and  repair  thus  fozas  local 
anodic  areas  which  lead  to  pitting. 

The  lowest  stress  at  which  stress-corrosion  cracking  of  austenitic 
stainless  steels  will  crack  in  the  presence  of  chlorides  is  apparently 
affected  hy  the  anion,  tes^erature  and  the  physical  nature  of  the  aedlua 
which,  in  turn,  control  the  chloride  to  oxygen  ratio  present  at  the  crack¬ 
ing  site.  Sone  authors  indicate  the  nlnlsai  stresses  required  for 
cracking  are  on  the  order  of  yield  (7,  8),  while  other  investigators  In- 
dlMte  that  stresses  as  low  as  3,000  to  10,000  psi  (9,  2)  will  produce 
cracking.  Threshold  stresses  for  cracking  have  been  studied  in  detail  by 

and  Eines  (lO,  11).  They  indicate  that  in  belling  llgSl2  the  thres¬ 
hold  stress  for  cracking  in  austenitic  stainless  steel  is  about  20,000 
psi. 


The  subject  of  stress  corrosion  in  all  of  tbe  proalnent  alloy  systems 
as  well  as  that  in  austenitic  stainless  steels  Las  been  studied  extensive¬ 
ly  by  assy  investigators  and  such  an  extensive  survey  of  these  systsas  is 
cad.tted  because  of  opace  considerations.  For  a  coqpretaenslve  literature 
survey  of  stress  corrosion  cracking  see  reference  I3.  The  puipose  of 
this  paj^r  is  to  discuss  the  effect  of  tbe  relative  availability  of  chlo¬ 
ride  and  oxygen  and  the  applied  stress  on  the  morphology  of  stress-corrosion 
exmeks  la  sastenltic  stainless  steels. 
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n.  HtOCEDURE  AHD  APSftBATDS 


Stress-corrosion  cracking  tests  were  conducted  In  autoclaves  con¬ 
structed  of  Type  304L  stainless  steely  as  illustr3t«  :  Fig.  1.  These 

units  have  a  550  ml  capacity  and  are  heated  hy  electric  resisteu^ce  tapes. 
Several  layers  of  asbestos  vrapping  are  placed  on  top  of  the  heating 
elements  to  provide  Insulation.  Each  unit  contains  a  themocoi^le  veil; 
the  temperature  is  c«itrolled  by  the  use  of  theimocoiqples  in  conjianctlon 
vlth  standard  type  teiQerature  controllers.  Teflon  gaskets  are  used  to 
make  all  closures  and  have  been  satisfactory  up  to  500°F  at  a  pressure  of 
680  psl.  The  atitoclaves  are  carefully  vashed  before  each  test  run  to  re¬ 
move  residual  chlorides.  In  starting  tests^  the  autoclaves  are  assaabled 
aroimd  the  speeiiaens  and  specimen  siqiports.  Opposite  tie  bolts  are  tij^ten- 
ed  slaultaoeoasly  to  ensure  even  pressure  aa  the  Teflon  gaskets.  Test 
solutions  are  placed  in  the  units  by  means  of  a  funnel  passing  throu^ 
the  opening  provided  for  the  theimocotple  veil. 

Figure  2  shows  a  cpeeiaen  and  specimen  clanp  iised  to  apply  a  stress 
to  the  ^elmen.  All  parts  of  the  specimen  clasp  are  !^pe  30h  stainless 
steel.  Applied  stress  at  the  center  of  the  f^eiaen  is  deteimlned  by 
deflisetiOB  as  read  from  the  dial  gangs  (calibrated  in  0.0001”  units) 
shown  in  Fig.  3  according  to  the  following  relationship  for  a  beam  loaded 
at  the  center: 

S  a  12 

i2 

where; 

S  -  fiber  tensile  stress  of  the  specimen  at  the  balF  length 

E  >  Toong's  modulus  for  stainless  steel,  29  x.  10^ 

c  -  1/2  thickness  of  specimen 

y  -  deflection  at  center  of  specimen 

A  -  gauge  length  over  which  the  defleetlca  is  measured 

Vlien  the  deflection  eorresponding  to  a  selected  stress  is  detemlned,  the 
apeelmen  is  placed  in  the  stressing  Jig  and  held  against  the  gauge  marks. 
Figure  3  shows  the  specimen  about  to  be  stressed.  To  stress  the  specimen 
the  serew  of  the  speciasn  claap  is  turned  the  repaired  amount. 

After  the  cpeelmen  lo  stressed,  it  is  placed  on  a  rack  as  Illustrated 
in  Fig.  4.  Teflon  strips  placed  on  the  stpports  are  used  in  insulate  the 
specimen  from  any  galvanic  effect  of  the  rack  the  autoclave.  Alter 
the  rack  is  loaded,  the  entire  unit  is  placed  in  an  autoclave  and  is  ready 
for  testing.  For  testing  in  the  water  phase,  the  specimens  are  suspended, 
tension  side  down,  ca  the  lower  part  of  the  rack.  For  testing  under  con¬ 
ditions  of  Intermittent  vetting  and  drying,  vapor  phase,  or  vapor  conden¬ 
sation,  the  specimens  are  suspended,  tension  side  up,  at  the  t^  of  the 
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rack.  As  Mny  as  three  specjjaens  caa  be  placed  oa  any  one  level.  The 
rack  shown  in  Fig.  4  enables  testing  to  be  cooducted  in  the  water  and 
vapor  jimssB  slaultaneously  if  the  autoclave  is  (saly  partially  filled. 
Vhen  the  rack  is  filled,  the  entire  unit  is  placed  in  an  autoclave  as 
shown  in  Fig.  5  is  ready  for  testing. 

Becatise  of  the  nature  of  the  application  of  load  by  bean  deflection, 
only  cracking  in  its  early  stages  is  observed.  After  cracking  has  pro¬ 
gressed  a  short  distance,  stress  relief  sets  in.  The  i^elaens,  Beasur- 
Ing  3.4  z  1.0  X  0.225  CB,  were  cut  froa  Type  347  stock  tevlng  the  follow¬ 
ing  eoivosltlan: 


Xlment 

> 

C 

0.07 

Cr 

17-15 

Ml 

10.36 

Si 

0.61 

Ma 

1.46 

F 

0.018 

S 

0.015 

Mb 

0.97 

All  spectaens  were  held  at  2,000°F  for  l/2-hour  and  furnace-cooled.  Three 
different  surfaces  were  studied:  1}  belt-abraded  with  120  grit,  2}  pickled 
six  hours  In  concentrated  ER;i,  and  3)  electrolytlcally  polished.  The  first 
had  residual  surface  stresses,  while  the  last  two  did  not. 

The  KaCl  concentration  of  the  solution  was  varied  fron  50  to  80,000 
ppn.  In  adi  cases  the  autoclave  was  filled  with  200  al  of  solution.  For 
specific  studies  on  the  effect  of  various  gases  on  the  propensity  to 
streGS-eorroslon  cracking,  lOOfl  oxygen,  hydrogen  or  nitrogen  atao^^ieres 
filled  'Uie  reaalnlng  350  ■!.  Vhere  these  gases  are  not  specifically  Men¬ 
tioned,  cdr  was  the  gas  in  -Uie  autoclave. 

Tests  were  run  for  various  lengths  of  tine.  Since  the  cracking  for 
all  ooneentratlons  aai  for  the  various  j^sleal  conditions  appeared  to 
be  fully  devel<qped  after  four  hours  at  400^,  the  length  of  the  various 
bests  will  not  be  discussed  in  detail. 

Figure  5  shows  that  the  sides,  but  not  the  top,  of  the  autoclaves 
are  insulated.  This  enables  a  type  of  Intemlttent  wetting  and  drying 
conditions  to  be  present  without  Manually  inverting  the  autoclaves.  In 
the  initial  ej^riaental  work,  this  type  of  Intemlttent  wetting  and  dry¬ 
ing  was  confused  with  a  saturated  vapor  phase.  Cracking  was  obsetred 
when  a  apeelaen  was  suspended  in  the  vapor  phase  with  the  tension  aide 
19.  HoweTsr,  when  a  Teflon  shield  was  placed  above  the  speclaens,  none 
occurred  unless  the  autoclaves  were  '»y  and  periodically  inverted. 

Since  the  eracklsg  appeared  to  be  the  saae  whether  the  condensation  fron 
the  top  fell  on  the  specinen  or  wllien  the  autoclaves  were  — inverted. 
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it  ms  decided  to  iise  the  vapor  condensation  condition  for  producing 
cra'jks.  Such  a  technique  undoubtedly  produces  an  uncertainty  in  the 
cbjLorlde  cooposltlon  actually  present  <»  the  specinen^  hut  the  uncertainty 
is  probably  no  greater  than  that  Involved  in  the  laanual  inversion  of  the 
autoclaves . 

Surfaces  were  prepared  for  photomicrographs  by  abrading  with  240-, 
500-,  and  600-grlt  vet-back  paper  and  subsequently  by  polishing  with  Mo.  2 
and  Mo.  3  aluaina.  An  electrolytic  etch  in  oxalic  acid  was  used  to  define 
grsdn  boundaries,  inclusions  and  cracks. 

In  cases  where  it  was  desirable  to  show  a  crack  in  three  disensicaus, 
a  ^clal  tc'chnlque  was  used.  The  specisen  was  first  nounted  in  themo- 
setting  plastic,  polished  and  etched.  The  crack  was  first  photographed 
on  the  tension  surface  of  the  speelnen.  The  ^cinen  vas  then  polished 
at  right  angles  to  the  tension  surface  to  show  the  depth  and  character  of 
the  crack.  Sections  of  the  era<^  were  polished  at  inereaental  distances 
a].ong  the  crack  as  shown  in  Fig.  6.  In  sons  cases,  sections  of  0.001" 
thick  were  reaoved  at  a  tine.  To  give  a  three-diaensional  effect,  the 
depth  of  cxadciag  was  plotted  as  a  function  of  the  surface  length  of 
the  eraek. 


III.  BB88198 

A.  VAPOR  CORCEISAXiai  CORDIIKir 

The  eaqperlaental  data  from  the  vapor  condensation  conditions  are 
stnsMtrleed  in  Table  I.  The  solotlan  concentrations  given  in  this  table 
indicate  "ucily -the  initial  ccMposttlon  of  ^e  sodution.  fMiewical  analyseB 
for  chloride  following  a  test  showed  that  the  solutlmi  coatpoeltion  vas 
unchanged  during  the  test.  The  composition  of  any  solution  actually  on 
the  speciaen  is  not  known,  althovigh  the  chloride  on  the  surface  of  the 
speeiaen  probably  becooies  aore  concentrated  than  that  of  the  solution. 

The  results  shown  in  Table  I  indicate  that  chlorides  aust  he  present  for 
the  stres-corroslon  cracking  to  occur  and  that  the  cracking  will  occur 
at  least  as  low  as  30  ppi  laci  in  the  solution  and  at  stresses  as  low  as 
2,000  psl  on  pickled  speciaens  free  froa  residual  stresses  due  to  abrad¬ 
ing.  At  low  chl.orlde  levtttls,  the  applied  strvjss  did  not  influence  the 
cracking  (i.e.,  at  30  ppm  the  speciaens  stressed  at  40,000  psl  showed  no 
aore  tendency  to  crack  than  those  stressed  at  2,000  psl). 

The  presence  of  lOQffi  oxygen  at  30  ppm  definitely  increases  the  pro¬ 
pensity  to  cracking.  Hhereas  only  half  of  tlie  ^ciaens  cracked  at  30 
ppm  in  the  presence  of  air,  all  of  thea  craclied  when  the  atmosphere  was 
100^  osQTgen.  It  etlso  appears  that  speciasns  with  abraded  or  pickled 
surfaces  were  equally  susceptible  to  cracking  at  comparable  chloride 
levels,  while  the  electrqpolisbed  speciasns  did  not  crack  until  200  ppm 
MaCl  was  reached.  These  results  Indicate  that  a  saooth  surface  aay  pre¬ 
sent  a  aore  difficult  environment  upon  which  to  nucleate  a  pit  or  eraek. 
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presence  of  o^cygen  was  shown  to  be  necessary  for  cracking  to 
occiff.  emporing  the  results  at  875  ppm  jn  Table  I,  the  conplete  ex¬ 
clusion  of  oxygen  by  either  nitrogen  or  h,fdrogeu  stops  cracking,  while 
the  presence  of  looj^  oxygen  as  described  above  Increases  the  prcpensity 
to  cracking. 

The  residual  surface  stresses  on  the  abraded  specimens  produced 
cracking  pattei*ns  much  different  from  those  on  the  stress-free  pickled 
specimens.  On  the  pickled  sui^aces,  the  cracks  were  perpendiCTilar  to 
the  lengthwise  axis  of  the  specimen  and  occurred  at  the  region  of  hipest 
applied  stress  (l,e.,  at  the  half  length).  The  cracking  tm  the  abraded 
specimens  was  irregular  with  respect  to  the  region  of  higpiest  stress. 
Cracks  occurred  as  frequently  sear  the  end  of  the  speclaens  as  neap:  the 
center  or  region  of  hipest  stress.  Such  a  crack  distribution  probably 
results  from  disarrayed  surface  stresses  Induced  by  abrading.  In  some 
cases,  as  shown  in  Table  I,  cracking  on  the  abraded  surfaces  occurred  in 
the  absence  of  applied  stress.  Several  of  these  cracks  are  shown  in 
Fig.  7.  An  entire  three-dimensional  description  of  a  crack  from  a 
pickled  specimen  is  shown  in  Figs.  8,  9,  and  10.  The  surface  of  the 
crack  on  the  tension  side  of  the  specimen  is  shown  in  Fig.  8,  the  pene¬ 
tration  in  Fig.  9f  and  the  plot  of  -Uie  penetrations  or  the  third  dimen¬ 
sion  in  Fig.  10.  This  crack  is  typical  of  those  occurring  at  2,000  psi. 

A  cracking  pattern  of  a  crack  in  an  abraded  surface  is  shown  in 
Fig.  11.  This  crack  occurred  at  an  applied  stress  of  3,000  psi.  Two 
factors  distinguish  the  cracking  cm  the  abraded  from  the  pickled  speolnens. 
First,  tne  cracking  on  the  abraded  specimens  was  cnly  half  as  deep  as  that 
on  pickled  specimens.  Secondly,  there  is  usually  a  nuaber  of  mmller 
crsMks,  In  the  vicinity  of  the  larger  crack,  probably  resulting  from  a  com¬ 
plex  interaction  of  zesldual  stresses. 

In  ;addltlon  to  the  characteristic  cracking  patterns  described  in 
Figs.  8,  9,  10,  and  11,  some  ratiier  unusual  patterns  occ\irred  on  the 
pickled  specimens.  Fj.'gure  1.2  shows  what  appears  to  be  a  "circular*  crack. 
The  direction  of  subsurface  cracking  is  not  perpendicular  to  the  tension 
siirface,  probably  because  of  the  cceg^lex  stresses  produced  by  the  initial 
cracking  pattern. 

Throu^out  the  photomicrographs  there  are  a  large  number  of  peerl- 
llke  inclusions,  the  exact  coaposltion  of  which  is  not  known  but  is 
probably  a  nitride.  These  Inclusions  have  been  observed  to  arrest  the 
progress  of  a  ciack  as  shown  in  Fig.  I3A  and  have  no  retarding  effect 
oc  crack  movement  as  shown  in  Figs.  I3B  and  13C.  Figure  I3B  shows  that 
the  inclusion  has  actually  been  by-passed  by  the  crack,  wbereas  the  In- 
clu6l«m  in  Fig.  I3C!  exhibits  an  apparent  brittle  fracture. 

B.  Wm  PHASE 

Table  II  sumoarizes  the  results  of  the  water-phase  testing.  These 
results  present  a  much  different  picture  of  stresses  and  chloride  concen- 
tratiois.  Instead  of  cracking  at  the  low  concentrations,  no  cracking  is 
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observed  vmtll  20,000  ppm  is  reached,  and  no  cracking  Is  observed  at 
concentrations  greater  than  2^,000  ppm.  Xhe  stresses  required  for  crack¬ 
ing,  30,000  psi  or  above,  are  much  falser  than  the  mere  2,000  psi  required 
in  the  VEq>or  condensation  conditions. 

Althou^  the  susceptibility  to  cracking  does  not  change  vlth  surface 
preparation,  the  nature  of  the  cracking  changes  markedly.  Ifhe  cracking 
of  the  pickled  surfaces  is  shown  in  Figs.  14  and  15;  the  cracking  of  the 
abraded  surfaces  is  shown  in  Figs.  16  £md  I7.  Note  the  single  crack  when 
there  are  no  cooplex  surface  stresses.  Ihe  character  of  the  cracks  as 
they  progress  throu^  the  metal  should  be  cos^red  with  the  cracks  occur¬ 
ring  in  the  vapor  condensation  condition.  It  appears  that  there  was  much 
more  electrochcanical  attack  associated  with  the  cracking  in  the  water 
phase. 

C.  CRACK  iSOPACAXIOar 

A  detailed  study  of  the  crack  propagation  kinetics  was  not  possible 
with  the  equipment  employed  in  this  study;  however,  a  cursory  study  was 
made  for  purposes  of  coo^exlson  with  available  data.  By  holding  the 
autoclaves  at  400^  for  0.5,  1.0,  2.0,  2.5>  3>0,  and  6.0  hours  and  using 
stress  levels  of  3,000  and.  7,000  psi,  it  was  detemined  that  cracks  begin 
propagating  in  about  .1  5  and  are  fully  developed  between  2.0  and  6.0 
hours.  Since  the  maytmim  crack  depth  observed  was  0.4  m,  the  rate  of 
cracking  probably  lies  in  the  range  from  0.2  m/hr  to  O.067  m/hr.  these 
figures  are  in  approximate  agreement  with  those  of  Hoar  and  Hines  (lO), 
who  suggest  that  cracks  In.  austenitic  stainless  steels  propegate  at  the 
rate  of  1«4  m/hr  in  a  boiling  llgCl2  solution  under  stresses  on  the  order 
of  yield.  Since  actual  bi^ittle  fia^ures  occur  at  mich  higher  velocities, 
it  alc^t  be  concluded  that  the  progress  of  the  stress  corrosion  cracks 
is  dependent  i^on  an.  electrochemical  action  for  movement,  while  the  stress 
plays  the  role  of  activating  or  helping  to  initiate;  the  cracking. 


IV.  DISCDSSiai  OP  RBSUltrS 


The  annealed  tCLtlmte  tensile  strength  of  the  3OO  series  of  stainless 
steels  is  approximtely  85,000  psi;  the  yield  strength  is  approximately 
35,000  pal  at  0.2](  offset;  and  the  threshold  stress  for  stress-corrosion 
cracking  in  the  vapoi*  condensation  condition  may  be  lower  than  2,000  psi. 
Xbe  burden  of  this  diLscusslon  is  to  suggest  explanations  for  such  insidious 
behavior. 

A.  CRACK  mnAZIdl 

The  chloride  concentration  and  stresses  at  which  cracking  occurs  in 
the  water  phase  and  vapor  condensation  conditions  give  a  clue  to  the 
mechanism  of  crack  initiation.  It  appears  that  the  mechanism  of  crack 
Initiation  is  related  to  the  available  ojqrgen,  specific  concentrations 
ol‘  the  chloride  ion,  ..and  the  stress  level.  Ihe  significance  of  these 
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factors  lies  in  the  coo^iarison  between  the  conditions  leading  to  cracking 
in  the  water  phase  and  vapor  condensetlon  conditions.  In  the  vapor  con" 
densatlon  condition  there  is  a  ready  availability  of  oxygen,  but  the 
chloride  level  in  the  water  below  tlui  specimen  was  much  lower  than  that 
regiiired  for  cracking  in  the  water  phase.  It  is  suspected  that  the  chlo¬ 
ride  achieved  hl£^  local  concentrations  through  a  constant  cycle  of  drops 
of  solution  falling  on  the  specimens  and  the  subsequent  evapoiation.  Ihls 
high  local  chloride  concentration  together  with  the  abundant  oxygen  in 
the  air  produced  a  type  of  pitting  or  initial  attack  that  leed  to  the 
cracking  at  the  \musually  low  stresses. 

In  contrast  to  the  cracking  at  the  low  chloride  concentrations  in 
the  vapor  T^ae,  there  is  no  cracking  at  the  low  chloride  concentrati^as 
of  the  water  phase,  (hiking  in  the  water  phase  did  not  proceed  until 
there  was  stifflcient  chloride  cancentratlon  to  produce  cracking  with  the 
relatively  low  oxygen  concentration  in  the  water.  The  disparity  in  the 
threshold  stresses  between  the  vapor  condensation  and  the  water  phase  is 
probably  accounted  for  by  the  type  of  pit  formed  under  the  conditions  of 
chloride  and  oxygen  concentrations  present.  Vhereas  the  pit  formed  in 
the  vapor  coodensation  condltlczis  would  have  a  high  depth-to-radlus  ratio, 
the  sane  ratio  for  the  pitting  in  the  water  phase  would  be  much  lower 
and,  hence,  require  a  applied  stress  to  propagate.  There  is  also 

no  obvious  reason  for  the  resviltant  stresses  to  be  extremely  hlg^  because 
the  cracking  does  not  necessarily  propagate  by  mechanical  fracture.  It 
can  just  as  easily  prqpagate  by  a  predcssinantly  eleetroehemlcal  meedsanlsa 
with  the  applied  stress  siqiplying  just  enou^  strain  energy  or  plastic 
deforaatlon  to  exceed  the  energy  requirements  for  crack  propagation.  The 
variance  in  the  types  of  pitting  in  the  two  cooditions  can  be  seen  in 
Figs.  '6'and  16.  The  pits  on  the  pickled  spechnens  in  the  vapor  ccndext- 
'satlon  conditions  have  a  small  surAuxe  diameter  (although  no  data  are 
available  on  'tiie  actusLl  pit  configuration  just  prtor  to  crack  inltlat  i,on) , 
and  the  pits  in  the  water  phase  have  a  much  larger  surface  diameter,  in 
some  cases  by  a  factor  of  about  20.  These  observations  tend  to  conflm 
the  above  hy^thesls. 

This  exqilanation  for  the  apparently  dissimilar  conditions  that  lead 
to  cracking  would  not  seem  to  account  for  the  absence  of  cracking  at  the 
hlc^r  chloride  concentrations  in  the  water  phase.  The  only  possible 
exq^lanatlon  would  be  that,  with  the  hl^er  chloride  levels,  there  is  a 
decrease  In  the  solubility  of  oxygen,  which  has  been  reported  by  Asselin 
and  Rohman  (12)  for  enother  temperature  range. 

A  verificatlcm  of  the  saucer-like  depressions  occurring  in  specimens  ^ 
immejrsed  in  solution  has  been  made  by  Soar  and  iUnes  '  ^ ,  who  have  ob¬ 

served  that,  on  wire  specimens  in  the  aqueous  MgClg,  the  ulttlng  actually 
takes* the  form  of  suucer-llke  depressions. 

There  is  no  obvious  answer  to  the  question  of  how  the  sites  for 
crack  initiation  are  chosen.  The  most  likely  mechanise  Involves  the  con¬ 
tinuous  breakdown  and  repair  of  the  surface  film.  The  film  breaks  down 
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and  the  chloride  ions  adsorb  on  the  surface  before  the  oxygen  and  lead 
to  the  formtion  of  an  anodic  area,  fhis  tendency  for  the  chloride  ion 
to  dia^lMe  the  oxygen  has  been  verified  by  Hackenaan  and  Stephens  (6) . 

Considering  next  the  macro  scale,  the  cracking  on  the  stress-free 
pickled  surfaces  always  occiirs  at  the  half  length.  IChls  happens  in  spite 
of  the  fact  that,  vhen  a  stress  at  that  point  mi^t  be  15,000  psi,  the 
stress  netar  the  end  ml^t  be  1,000  to  2,000  psi  irtilch,  on  other  specimens 
stressed  to  this  level  at  the  center,  crack  at  the  center.  In  other 
vords,  the  cracking  always  occurs  at  the  center  of  the  specimen  in  the 
region  of  the  hl^st  stress,  nils  is  not  easily  understood  on  the  basis 
of  stress  relief  of  a  beam-loeided  specimen  since  the  cracking  mlti^t  Ini¬ 
tiate  at  any  location  vbsa  the  specimens  are  hl^ily  stressed.  It  is 
probable  that  the  galvanic  effect  of  a  hig^ily  stressed  region  can  accen¬ 
tuate  the  pitting  tendency  at  the  center  of  the  ^clmen. 

The  cracking  patterns  of  the  abraded  Bpsaimsm  apparently  confuse 
the  above  hypotheses.  The  cracking  frequently  occurs  at  any  location 
on  the  specimen,  and  the  prevalence  of  pitting  is  not  so  obvious,  al- 
thou^  pits  were  apparent  on  many  of  the  cracks.  Since  there  is  not 
positive  control  on  the  cracking  of  the  abraded  specimens,  as  in  the 
ease  with  the  stress-free  surfaces,  no  positive  hypothesis  can  be  ad¬ 
vanced  on  the  basis  of  the  cracking  patterns.  The  presence  of  the  resl- 
dusd  stresses  probably  obscures  the  mechanisms  which  are  more  readily 
apparent  on  the  stress  free  surface. 

B.  CRACK  naPAGAiion 

For  the  puiposes  of  the  discussion  on  crack  propagation  only,  the 
cracking  on  tlie  stress-free  pickled  surfaces  will  be  considered  since 
the  cracking  patterns  on  the  abraded  surfaces  have  been  dlsn^ted  by 
the  piresence  of  residual  stresses  and  the  interpretation  of  the  cracks 
would  be  clouded  with  extremeous  factors. 

Figures  6,  and  10  will  be  the  basis  for  the  proposed  mechanism 
of  stress-corrcslon  crack  propagation.  The  most  slgolflcant  single  fact 
In  the  Intexpretation  of  crack  propagation  is  that  only  between  1,000 
and.  2,000  pul  are  required  for  cracks  to  propagate  under  conditions  of 
■nj?or  condeiisation.  Cracking  at  the  higher  stresses  in  the  water  phase 
seems  more  credible  5lnce  the  stress  required  for  cracking  is  only  a 
faietor  of  3-4  ^ss  than  ultimate  strength  rather  than  a  factor  of  about 
50  in  the  case  of  the  vapor  condensation. 

On  the  basis  of  Fig.  8,  cracking  in  the  vapor  condensation  condition 
nay  be  divided  into  stages.  First  is  the  pitting  stage.  Rote  the  luge 
pi-b  in  the  approximate  center  of  the  crack.  This  pit  coincides  with  a 
relatively  large  circle  of  reaction  products  observed  on  the  specimen 
when  -t  was  removed  from  the  autoclave.  The  next  stage  is  actually  the 
first  stage  of  crack  progpoggation.  The  character  of  the  center  one-third 
of  the  crack  is  basically  different  from  the  rest  of  the  crack.  At  this 
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point  the  crsiok  is  not  sm'ficiently  deep  to  give  an  effective  stress 
raiser.  !Rie  second  stage  of  crack  propagation  can  he  interpreted  as  a 
series  of  continuous  hursts  of  crack  progress.  The  crack  has  achieved 
a  critical  depth-to-root  radius  ratio  and  there  is  less  difficulty  in 
maintaining  a  continued  crack  moveaent.  If  the  applied  load  in  t^s 
ej^rlment  was  constant,  catastrophic  cracking  would  he  the  next  stage 
of  cracking!  however,  the  stress  relief  Inherent  in  beaa-loaded  specimens 
causes  the  crack  to  stop  before  this  stage  is  reached.  This  periodic 
mechanism  observed  on  the  surface  of  the  crack  is  ohviouB  in  Fig.  9; 
irtilch  shows  the  crack  as  it  progresses  throu^  the  hulk  metal. 

The  same  pattern  of  cracking  stages  is  apparent  in  the  water-phase 
cracking  shown  in  Figs.  1^  and  Ip.  xhe  large  pit  or  depression  in  the 
center  seems  to  have  been  the  point  for  crack  initiation.  To  the  ri^t 
of  the  cnick  there  appears  to  he  the  pattern  of  abortive  branching  fol¬ 
lowed  by  a  more  continuous  type  of  crack.  In  the  hulk  metal  there  is 
again  an  indication  of  a  periodic  progress,  hut  points  of  change  are 
not  so  definite.  It  appears  that  the  actual  progress  of  the  crack  is 
oibsctired  by  a  much  moire  extensive  electrochemical  attack  than  was  ob¬ 
served  In  the  vapor  condensation  cooditlons.  The  cracking  in  the  water 
phase  seems  to  he  much  more  ragged,  prohah2y^  resulting  from  a  more  abun¬ 
dant  si^ly  of  chloride  ions  in  that  water  phase  than  in  the  vapor  eon- 
'densstton'caodltloa.  In  fact,  iiie  ragged  appeeatuiee  resnltiag  frsm-more 
extensive  electrochemical  attack  can  probably  be  correlated  with  the 
large  surface  area  of  the  pits. 

A  tentative  conelusian  based  on  the  mechanism  of  crack  propagation 
would  be  that  the  cracking  is  primarily  electrochemical,  with  the  stress 
playing  the  role  of  film  breaker  or,  at  the  most,  flowing  the  metal  at 
the  base  of  the  crack  which  woiild  lead  to  a  high  strain  energy.  Om  tl;e 
basis  of  the  low  stress  and  the  crack  velocity  conneeted  with  i;be  erack- 
Ing  in  the  vapor  condensation  cooditlons,  a  type  of  periodic  electro¬ 
chemical  mechanism  is  much  more  credible  than  one  in  which  the  stress 
actually  contributes  to  the  crack  progress  by  a  fracture  mechanism. 


7.  SMIARr  AID  COIC^ISSIOHS 


1.  Type  3^7  stainless  steels  are  susceptible  to  stress  corrosion 
cracking  in  the  presence  of  400^7  ehloride-cootalning  waters  when  eiqposed 
to  vapor  condensation  conditions.  The  threshold  stress  applied  for  this 
condition  is  lower  than  2,000  psi  and  chloride  concentrations  as  low  as 
50  ppm  in  the  water  will  produce  cracking.  Increasing  the  oxygen  concen¬ 
tration  from  that  in  air  to  100^  increases  the  probability  of  cracking 
at  low  chloride  concentrations,  idiile  the  presence  of  100^  hydrogen  or 
nitrogen  above  the  solution  eilmlnstes  cracking., 

Tyse  347  is  susceptible  to  stress-corrosion  cracking  under  highly 
specific  eonditloiw  when  inmersed  in  chloride  solutions  at  4009r.  The 
solution  concentration  range  of  sukceptlblllty  is  20,000  to  25,000  ppm 
laci  and  the  stresses  must  exceed  30,000  psi. 


k 


>  a  # 


Type  3^7  not  crack  In  a  saturated  vapor  phase  (no  conden- 
-sation)  over  an  875  ES®  solution  at  400^^- 


Sracklng  progresses  periodically.  AJ^er  the  InltlEO.  pit  fonns, 
the  crack  progresses  in  short  abortive  branchings.  In  the  second  stage 
of  cracking,  the  cracks  move  in  longer  bursts  of  2-10  grains  in  length. 
The  onset  of  'Uils  stage  is  probably  control!^  by  a  certain  stable  crack 
size  reached  in  the  first  stage.  The  third  stage  vould  be  catastrojphlc 
cracking  if  the  speclneui  were  under  constant  lo(sd  Instead  of  being  beam- 

loaded. 


S.  TO  the  basis  of  the  cracking  at  the  low  stresses,  it  is 
that  the  actual  crack  movement  results  from  electrochaslc^  action 
the  stress  serving  to  provide  a  local  regicai  of  hif^iy  stressed  metal  at 
the  base  of  the  crack.  This  hl^ily  stressed  metal  provides  a  local  anodic 
area  for  preferential  electrochemical  dissolution. 
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RBSsnrs  or  nsns  cqidoctsd  n  tbb  ibbsbre  op  vapor 

COiBSMSASZOB  COBDXnORS  IB  AUTOCIAVBS  HMTBD  TO  k(X>°F 


laci  (ipBi)® 

Applied  Stress 
(1000  pel) 

Surface 

Cracking 

Distilled  Water 

5,  15,  40 

A 

HO 

50 

2,  5,  10 

P 

c 

stiac 

^  and  Og 

5,  10 

P 

yes 

100 

5,  15,  40 

A 

yes 

100 

5,  10 

P 

susc 

100 

5,  10 

B 

no 

ICO  and  Og 

5,  10 

P 

yes 

150 

5,  10 

P 

susc 

and  Og 

5,  10 

P 

yes 

200 

5,  10 

E 

susc 

875 

0^  2,  3,  15,  40 

A 

yes 

875 

1,  a,  3,  15,  40 

P 

yes 

875 

3,  10 

E 

susc 

875  CBd  Os 

5,  15,  ^ 

A 

yes 

875  and  I2 

5,  15,  40 

A 

no 

875  and 

5,  15,  30 

P 

no 

5,000 

5,  15,  40 

A 

yes 

10,000 

0,  2,  4 

A 

yes 

10,000 

5,  15,  40 

P 

yes 

20,000 

5,  5,  15,  40 

A 

yes 

20,000 

3,  5,  15,  40 

P 

yes 

40,000 

5,  15,  40 

A 

yes 

80,000 

A 

yes 

A  Vhere  a  specific  gas  is  designated  after  the  chloride  concentration 
the  renalning  350  nl  of  the  autoclare  is  filled  ifith  the  particular 
eas.  Otherwise  the  gas  ataos^ere  is  air. 


h  A  -  abraded,  P  -•  pickled,  B  -  elactropoUehed. 

c  Cracking  occurred  in  about  30)(  of  the  speeiaens  irlth  no  preference  for 
stress  level. 

d  The  residual  stresses  due  to  abrading  ’lie  speciaen  were  sufficient  to 
cause  surface  cracking  in  the  absence  of  applied  siirees. 
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ZABIS  II 


BBsaias  or  hasbr  fbasb  xssis  cohducskd 

n  AWOCIATBS  BXASXD  fO 


Wii  (sm) 

Applied  Streae 
(1000  pal) 

Surface* 

Cracking 

0 

5,  15,  40 

P 

none 

100 

5,  15,  40 

P 

ncne 

875 

5,  15,  40 

A 

none 

15,000 

20,  35 

P 

none 

S 

none 

20,000 

20 

P 

Bosie 

B 

none 

20;000 

40 

A 

yes 

20^000 

30 

P 

yes 

20,000 

35 

P 

yea 

E 

yea 

25,000 

35 

P 

yea 

E 

yea 

25,000 

20 

P 

none 

E 

none 

40,000 

20,  40 

P 

none 

75,000 

20,  35 

P 

nooe 

80,000 

20,  40 

P 

none 

•  P  -  pieklad  eartMom}  A  -  aibndad  aurfAcej  B  -  eleetropoUatatd  rarfiaee. 
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NON-INSULATED  TOP 

CONDENSATION  FORmiriG  AND 
FALLING  TO  SOLUTION  OR  ON 
SPECIMEN 

TEFLON  SHEET  TO  SHIELD 
SPECIMEN  FROM  FALLING 
CONDENSATE 

SPECavCN  HOLDER,  END  VIEW. 
SPECIMEN, TEJISICr^  SIDE  UP. 

SATURATED  VAPOR 


RESISTANCE  HEATING  TAPE 
ASBESTOS  INSULATION 
SOLUTION 


ng>  5  Cross  section  of  sutoclaye  in  operation.  Speelaens  shown  In  the 
water  phase,  vapor  condensation  (without  ITeflon  shield)  and 
saturated  vapor  (with  ISeflon  shield)  phase. 


Fig.  6  Schematic  of  eectloned  specimen.  The  surface  of  the  crack  Is  vloved 
In  Direction  "A"  and  the  croes  section  In  Direction  ”B" .  A  series 
of  {dictographs  from  Direction  "A”  and  Direction  "B"  can  descrlhe  the 
crack  from  Dlrsctloo  "C". 
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Surface  aod  croae  eectional  vlevs  of  cracking  on  surface  A  (see 
Fig.  6),  abraded  vlth  120  belt  vltb  no  applied  stress.  Vapor 
condensation  conditions  over  solution  containing  ^0  ppa  cblozlde. 
550x 
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Fig.  12  Surface  and  associated  cross  sections  of  cracking  on 
pickled  surface.  Solution  875  ppm  HaCl,  2,000  ped, 
held  at  400^  for  3  days,  vapor  condensation  conditions. 
Cross  sectional  views  show  the  crack  proceeding  non- 
pez^ndlcular  the  direction  of  s.pplled  stress.  ^30x 


Pig.  13  IncluslonF/  in  the  crack  path.  Pickled  surface  2,000  psl.  ' 

Vapor  coQ^/ieneatlon. 

(a)  Crack  arrested.  350x 

(3)  Crack  hy-paased.  1570x 

(C)  Brittle  fracture  in  inclusion.  1370x 
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